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VWUHDPZLVHGLUHFWLRQLVFRQVLGHUHG7KHWHVWPRGHOKDVILOPFRROLQJKROHVDUUDQJHGLQWZRURZVLQDVWDJJHUHGFRQILJXUDWLRQ
ZLWK WKH FRRODQW KROH OHQJWK WR GLDPHWHU UDWLR RI  DQG SLWFK WR GLDPHWHU UDWLR RI  'XULQJ WKH H[SHULPHQWDO DQDO\VLV WKH
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W\SH H[LW SRUWLRQV 7KH\ KDYH VKRZQ WKDW H[SDQGHG KROHV VKRZ VLJQLILFDQWO\ LPSURYHG WKHUPDO SURWHFWLRQ RI WKH
VXUIDFH GRZQVWUHDP RI WKH KROHV DV FRPSDUHG WR WKH F\OLQGULFDO KROHV DW KLJK EORZLQJ UDWLRV )LOP FRROLQJ
HIIHFWLYHQHVV LV LQFUHDVHGDVFRPSDUHG WRVXEVRQLFIORZFDVHVSDUWLFXODUO\IRU WKHF\OLQGULFDOKROHV&RRODQWFURVV
IORZ0DFKQXPEHUDQGRULHQWDWLRQKDYHDVWURQJLPSDFWRQILOPFRROLQJSHUIRUPDQFHLQWKHQHDUKROHUHJLRQ'.
:DOWHUVHWDO>@VWXGLHGDGHWDLOHGDQDO\VLVRIILOPFRROLQJSK\VLFVRQVWUHDPZLVHLQMHFWLRQZLWKF\OLQGULFDOKROHV
7KHVWXG\PDLQO\FRQFHQWUDWHGRQ WKHGRZQVWUHDPFRRODQWVWUXFWXUHVDQG WKHHIIHFWDQGRULJLQRIFRXQWHU URWDWLQJ





WKLV WKH\ FRQFOXGHG WKDW FRPSRXQGLQJ LPSURYHV WKH ODWHUDO XQLIRUPLW\ RI WKH DGLDEDWLF HIIHFWLYHQHVV $W KLJK
FRPSRXQG DQJOHV WKH ODWHUDO GLVWULEXWLRQ RI KHDW WUDQVIHU FRHIILFLHQW LV UXOHUIODW ZLWKLQ RQO\ D IHZ GLDPHWHUV
GRZQVWUHDP RI WKH URZ RI ILOP KROHV DQG WKH KHDW WUDQVIHU FRHIILFLHQW ZDV IRXQG WR EH DXJPHQWHG GXH WR WKH
FRPSRXQGLQJHIIHFWVLQDOOWKHFDVHVVWXGLHG+RZHYHUWKHUHLVQHWJDLQDVWKHFRPSRXQGDQJOHLQMHFWLRQLVFDSDEOH
RISURYLGLQJDQHIIHFWLQILOPFRROLQJ
6LGGKDUWK 7KDNXU >@ FRQGXFWHG D FRPSXWDWLRQDO VWXG\ RYHU WKH H[SHULPHQWDO UHVXOWV RI D OHDGLQJ HGJHPRGHO






VKDSHG KROHPRGHOV GXH WR WKH LQFUHDVHGPRPHQWXPKLJKHU HIIHFWLYHQHVV REWDLQHG DW ORZHU GHQVLW\ UDWLRV'*
+DPVHWDO>@VWXGLHGWKHHIIHFWRIYDULRXVILOPKROHJHRPHWULHVRQERWKIORZDQGWKHUPDOILHOGFKDUDFWHULVWLFVDUH
LVRODWHG DQG WKH GRPLQDQW PHFKDQLVPV UHVSRQVLEOH IRU GLIIHUHQFHV LQ WKHVH FKDUDFWHULVWLFV DUH GRFXPHQWHG
&\OLQGULFDOIRUZDUGGLIIXVHGODWHUDOO\GLIIXVHGLQOHWVKDSHGDQGFXVSVKDSHGKROHVDUHXVHGRQIODWSODWH)RUIORZ
ILHOG WKHPDQLSXODWLRQ RI WKH ILOPKROH ERXQGDU\ OD\HU VKDSH IDFWRU DQG WKH GLUHFWLRQ RI WKH RXWJRLQJ ERXQGDU\
OD\HUSOD\DFUXFLDOUROHLQLPSURYLQJILOPFRROLQJSHUIRUPDQFH
6ULQDWK (NNDG HW DO >@ VWXGLHG WKH UHFDQW GHYHORSPHQW LQ 7XUELQH EODGH ILOP FRROLQJ 3HUIRUPDQFH RI ILOP
FRROLQJSULPDULO\GHSHQGVRQWKHFRRODQWWRPDLQVWUHDPSUHVVXUHUDWLRWHPSHUDWXUHUDWLRDQGWKHILOPKROHFRQGLWLRQ




WKHJDV VLGHKHDW WUDQVIHUFRHIILFLHQWZLWK ILOP LQMHFWLRQ%RWK WKHVHFRPSRQHQWVDUH UHTXLUHG WRHVWLPDWH UHGXFHG
KHDWORDGWRWKHVXUIDFH
)LOPFRROLQJSULPDULO\GHSHQGVRQWKHFRRODQW WRKRWPDLQVWUHDPSUHVVXUHUDWLR WHPSHUDWXUHUDWLR7F7P WKH











































































































































































































































































































































































































ZLWK GHQVLW\ UDWLRV RI   DQG  %\ XVLQJ WKLV VXUIDFH ILOP WHPSHUDWXUH YDOXHV REWDLQHG IURP &)' IRU
VSHFLILHG%5DQG'5WKHFRROLQJHIIHFWLYHQHVVLVFDOFXODWHG6LPLODUO\WKHILOPFRROLQJHIIHFWLYHQHVVZDVIRXQG
IRU DOO WKH EORZLQJ UDWLRV DQG GHQVLW\ UDWLRV FRQVLGHUHG IRU WKH IODW SODWH FLUFXODU KROH PRGHO )URP )LJ LW LV
REVHUYHGWKDWIRUDGHQVLW\UDWLRRIWKHILOPFRROLQJHIIHFWLYHQHVVLQFUHDVHVXSWR;GRIZLWKWKHLQFUHDVHLQ
EORZLQJUDWLRVIURPWR WKLV LVREVHUYHGGXHWRDWWDFKPHQWRI WKHFRRODQW MHWZLWKWKHWHVWVXUIDFHDW ORZHU
%5)RUWKH%5UDQJLQJIURPWRWKHUHLVDQLQLWLDOGHFUHDVHLQILOPFRROLQJHIIHFWLYHQHVVGXHWRGHWDFKPHQW
RI FRRODQW MHWZLWK WHVW VXUIDFH DQG DOVR ILOP FRROLQJ HIIHFWLYHQHVV LQFUHDVHVZLWK LQFUHDVH LQ%5 DQG JUDGXDOO\
LQFUHDVHVXS WR;GRIDQGGHFUHDVHVDORQJVWUHDPZLVHGLUHFWLRQ7KHPD[LPXPILOPFRROLQJHIIHFWLYHQHVV LV















GHQVLW\ UDWLRV 7KLV HIIHFW LV PRUH MXVW QHDU WKH FRRODQW H[LW )RU WKH ORZ EORZLQJ UDWLRV WKH FRRODQW LV DWWDFKHG
WRWKHSODWHVXUIDFHZKLFKLQFUHDVHVWKHHIIHFWLYHQHVVDQGJUDGXDOO\GHFUHDVHVWRZDUGVGRZQVWUHDPRIWKHKROH$VWKH









SHQHWUDWHV LQ WR WKH PDLQ VWUHDP IORZ DQG WKH KHDW WUDQVIHU UDWH GHFUHDVHV FDXVLQJ WKH GHFUHDVH LQ ILOP FRROLQJ












)URP WKH QXPHULFDO DQDO\VLV WKH DGLDEDWLF ILOP FRROLQJ HIIHFWLYHQHVV VKRZV DQ LQFUHDVHZLWK LQFUHDVLQJEORZLQJ
UDWLR DQG GHQVLW\ UDWLR 7KH9DOLGDWLRQ RI &)' VLPXODWLRQ LV GRQH E\ FRPSDULQJZLWK H[SHULPHQWDO UHVXOWV 7KH




DW [G JUHDWHU WKDQ  +HQFH IRU EORZLQJ UDWLRV  DQG DERYH WKHUH LV DQ LQLWLDO GHFUHDVH LQ WKH HIIHFWLYHQHVV
LPPHGLDWHO\GRZQVWUHDPRIWKHKROHDQGWKHQDQLQFUHDVHIRU[GJUHDWHUWKDQIRUEORZLQJUDWLRWRGXHWR
WKHLQLWLDOGHWDFKPHQWRIWKHFRRODQWMHWQHDUWKHILOPFRROLQJKROHV
)RU WKH VDPH EORZLQJ UDWLR WKH LQFUHDVH LQ GHQVLW\ UDWLR FDXVHV PRUH VSUHDGLQJ RI WKH FRRODQW RYHU WKH SODWH
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